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ABSTRACT

China’s cement industry, which produced 1,388 million metric tons (Mt) of cement in 2008,
accounts for almost half of the world’s total cement production. Nearly 40% of China’s
cement production is from relatively obsolete vertical shaft kiln (VSK) cement plants, with
the remainder from more modern rotary kiln cement plants, including plants equipped with
new suspension pre-heater and pre-calciner (NSP) kilns. Shandong Province is the largest
cement-producing Province in China, producing 10% of China’s total cement output in 2008.
This report documents an analysis of the potential to improve the energy efficiency of NSP
kiln cement plants in Shandong Province. Sixteen NSP kiln cement plants were surveyed
regarding their cement production, energy consumption, and current adoption of 34
energy-efficient technologies and measures. Plant energy use was compared to both
domestic (Chinese) and international best practice using the Benchmarking and Energy
Saving Tool for Cement (BEST-Cement). This benchmarking exercise indicated an average
technical potential primary energy savings of 12% would be possible if the surveyed plants
operated at domestic best practice levels in terms of energy use per ton of cement
produced. Average technical potential primary energy savings of 23% would be realized if
the plants operated at international best practice levels. Energy conservation supply curves
for both fuel and electricity savings were then constructed for the 16 surveyed plants. Using
the bottom-up electricity conservation supply curve model, the cost-effective electricity
efficiency potential for the studied cement plants in 2008 is estimated to be 373 gigawatt-
hours (GWh), which accounts for 16% of total electricity use in the 16 surveyed cement
plants in 2008. Total technical electricity-saving potential is 915 GWh, which accounts for
40% of total electricity use in the studied plants in 2008. The fuel conservation supply curve
model shows the total technical fuel efficiency potential equal to 7,949 terajoules (TJ),
accounting for 8% of total fuel used in the studied cement plants in 2008. All the fuel
efficiency potential is shown to be cost effective. Carbon dioxide (CO,) emission reduction
potential associated with cost-effective electricity saving is 383 kiloton (kt) CO,, while total
technical potential for CO, emission reduction from electricity-saving is 940 ktCO,. The CO,
emission reduction potentials associated with fuel-saving potentials is 950 ktCO,.
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Executive Summary

Analysis of Energy-Efficiency Opportunities for the Cement Industry in
Shandong Province, China

Lynn Price, Ali Hasanbeigi, Hongyou Lu
Lawrence Berkeley National Laboratory

Wang Lan
China Building Materials Academy

China’s cement industry, which produced 1,388 million metric tons (Mt) of cement in 2008,
accounts for almost half of the world’s total cement production. Nearly 40% of China’s
cement production is from relatively obsolete vertical shaft kiln (VSK) cement plants, with
the remainder from more modern rotary kiln cement plants, including plants equipped with
new suspension pre-heater and pre-calciner (NSP) kilns.

Shandong Province is the largest cement-producing Province in China, producing 10% of
China’s total cement output in 2008. The average annual growth rate (AAGR) of cement
production in Shandong Province between 2000 and 2008 was 10%. This growth was
dominated by the increase in rotary kiln production, which was mostly due to the increased
share of NSP kilns. Production from rotary kilns grew from 11% of total cement production
in 2000 to 58% in 2008.

This report documents an analysis of the potential to improve the energy efficiency of NSP
kiln cement plants in Shandong Province. Sixteen NSP kiln cement plants were surveyed
regarding their cement production, energy consumption, and current adoption of 34
energy-efficient technologies and measures.

The 16 surveyed cement plants were compared to both domestic (Chinese) and
international best practice in terms of energy efficiency using the Benchmarking and Energy
Saving Tool for Cement (BEST-Cement) developed by Lawrence Berkeley National
Laboratory in collaboration with the Energy Research Institute, the China Building Materials
Academy, and the China Cement Association. Such a comparison provides an initial
assessment of the technical potential for energy-efficiency improvement by comparing a
plant to an identical model of itself using the most energy-efficient technologies and
measures available. This benchmarking exercise indicated an average technical potential
primary energy savings of 12% would be possible if the surveyed plants operated at
domestic best practice levels in terms of energy use per ton of cement produced. Average
technical potential primary energy savings of 23% would be realized if the plants operated
at international best practice levels.

An energy conservation supply curve is an analytical tool that captures both the engineering
and the economic perspectives of energy conservation. Energy conservation supply curves

ES-1



for both fuel and electricity savings were constructed for the 16 surveyed plants to
determine the potentials and costs of energy-efficiency improvements by taking into
account the costs and energy savings of 34 different technologies that could be used in the
plants. Using the bottom-up electricity conservation supply curve model, the cost-effective
electricity efficiency potential for the studied cement plants in 2008 is estimated to be 373
gigawatt-hours (GWh), which accounts for 16% of total electricity use in the 16 surveyed
cement plants in 2008. Total technical electricity-saving potential is 915 GWh, which
accounts for 40% of total electricity use in the studied plants in 2008. Carbon dioxide (CO,)
emission reduction potential associated with cost-effective electricity saving is 383 kiloton
(kt) CO,, while total technical potential for CO, emission reduction is 940 ktCO,. The fuel
conservation supply curve model shows the total technical fuel efficiency potential equal to
7,949 terajoules (TJ), accounting for 8% of total fuel used in the studied cement plants in
2008. All the fuel efficiency potential is shown to be cost effective. The CO, emission
reduction potential associated with fuel saving potentials is 950 ktCO..

This study identified a number of cost-effective energy-efficiency technologies and measures
that have not been fully adopted in the 16 surveyed cement plants in Shandong Province. In
addition, a few energy-efficiency technologies and measures that are not cost-effective, but
that are very close to being cost-effective at the current price of energy, and that have large
energy savings were also identified. These technologies and measures and their potential
energy-savings in Shandong Province are listed in Table ES-1.

Thirteen cost-effective electricity-saving technologies and measures that have not been fully
adopted are all related to improving the efficiency of motors and fans, fuel preparation, and
finish grinding. In addition, two finish grinding options (replacing a ball mill with a vertical
roller mill and using a high pressure roller press for pre-grinding for a ball mill) have large
electricity-saving potential and were nearly cost-effective. In addition, six cost-effective fuel-
saving technologies and measures were identified that have not been fully adopted in the 16
surveyed cement plants, including expanding the use of blended and Limestone Portland
cement and using alternative fuels in the cement kiln.

There are various reasons cited by cement plant personnel and Chinese cement experts
regarding why the plants have not adopted the cost-effective energy-efficient technologies
and measures. Some of the common reasons are the age of the plant (e.g., the plant was
constructed earlier or the application of the measure was limited by the technical conditions
at that time), overall technical knowledge of the staff, lack of knowledge about the energy-
efficiency measure, plant-specific operational conditions (e.g., in one of the studied plants,
due to the low cooling performance of the grate cooler, fans are on full speed so installing a
VFD in the cooler fan of grate cooler is not possible), investors preferences, and high initial
capital costs despite the fact that the payback period of the technology is short.
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Table ES-1. Cost-Effective Energy-Efficient Technologies and Measures Not Fully Adopted in
the 16 Surveyed Cement Plants in Shandong Province

Motor and Fans

Adjustable Speed Drives 147.85 151.99
Adjustable speed drive for kiln fan 26.68 27.43
High efficiency motors 52.97 54.45
Variable Frequency Drive (VFD) in raw mill vent fan 6.12 6.29
Variable Frequency Drive in cooler fan of grate cooler 1.83 1.88
Installation of Variable Frequency Drive & replacement of coal mill

bag dust collector’s fan 1.53 1.57
Replacement of Cement Mill vent fan with high efficiency fan 1.37 1.41
High efficiency fan for raw mill vent fan with inverter 7.23 7.44
Replacement of Preheater fan with high efficiency fan 4.97 5.11
Fuel Preparation

Efficient coal separator for fuel preparation 2.20 2.26
Efficient roller mills for coal grinding 17.18 17.66
Finish Grinding

Energy management & process control in grinding 34.98 35.96
Improved grinding media for ball mills 11.72 12.04
Replacing a ball mill with vertical roller mill 68.46 70.38
High pressure roller press as pre-grinding to ball mill 181.20 186.27
Power Generation

Low temperature waste heat recovery power generation 56.06 57.63

Blended cement (Additives: fly ash, pozzolans, and blast furnace slag) 2,011 378.1°
Limestone Portland cement 105 20.3°
Kiln shell heat loss reduction (Improved refractories) 2,177 206.0
Use of alternative fuels 1,749 165.4
Optimize heat recovery/upgrade clinker cooler 231 22.0

Energy management and process control systems in clinker making 1,676 157.8

Note: measures shaded in grey are not cost-effective, but are very close to being cost-effective and have high

energy savings

3: €O, emission reduction from reduced energy use as well as reduced calcination in clinker making process.

Based on the findings of this report, it is recommended that the BEST-Cement tool be further
utilized by the 16 surveyed cement plants. The findings presented in this study indicate that
there are a number of cost-effective energy-efficiency technologies and measures that can
still be implemented in these plants. Now that the input data has been acquired and entered
into BEST-Cement for each plant, the tool is ready for application at the plant-level. Such
application involves working with the plant engineers to identify packages of energy-
efficiency technologies and measures that they would like to install at the plant. BEST-
Cement allows the plant engineers to develop various packages and provides them with
information on the individual measure and total package implementation costs, O&M costs,
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energy savings, simple payback time, and CO, emissions reductions. Such packages can be
developed in order to meet a specific energy-saving or CO, emissions reduction target or to
meet a specific energy-saving financial budget.

It is also recommended that further research related to the implementation barriers for the
identified cost-effective technologies and measures be undertaken. Now that a number of
cost-effective technologies and measures have been identified, it is important to understand
why they haven’t been adopted by the 16 surveyed cement plants. An understanding of the
barriers is an important first step in developing programs and policies to promote further
implementation of energy-efficiency opportunities.

Finally, once the barriers have been identified and are understood, it is important to develop
effective programs and policies to overcome the barriers to adoption. Such programs and
policies could include development of energy-efficiency information resources, technical
assistance in identifying and implementing energy-efficiency measures, and financing
programs for the identified technologies and measures.
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l. Introduction

China’s cement industry, which produced 1,388 million metric tons (Mt) of cement in 2008,
accounts for nearly half of the world’s total cement production (Shandong ETC and CBMA,
2009; USGS, 2009). Nearly 40% of China’s cement production is from relatively obsolete
vertical shaft kiln (VSK) cement plants, with the remainder from more modern rotary kiln
cement plants, including plants equipped with new suspension pre-heater and pre-calciner
(NSP) kilns. Official Chinese government policy is that the VSK cement plants will be phased
out and completely replaced by more modern kilns (NDRC, 2006). Figure 1 and Table 1 show
that cement production from rotary kilns has grown rapidly in recent years, jumping from
116 Mt in 2000 to 833 Mt in 2008 (ITIBMIC 2004; Kong, 2009).
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Figure 1. Cement Production in China by Major Kiln Type, 1990-2008 (ITIBMIC 2004; Kong, 2009)

Table 1. Cement Production in China by Major Kiln Type, 1990-2008 (Mt)

Shaft Kilns 183 383 | 481 | 528 | 555 | 616 | 578 | 561 | 552 | 554 | 555
Rotary Kilns 49 93 116 | 133 | 170 | 246 | 395 | 508 | 684 | 807 | 833
Total 232 476 | 597 | 661 | 725 | 862 | 973 | 1069 | 1236 | 1361 | 1388

Source: ITIBMIC 2004; Kong, 2009

In early 2008, the World Bank’s Asia Alternative Energy Unit (ASTAE) initiated a study to
assess the current status of cement manufacturing in the three Chinese provinces: Shandong,
Hebei, and Jiangsu. The goal of the project was to develop implementation plans and policy
recommendations for energy-efficiency improvement in the cement sector at the provincial
level.

Phase | of the project focused on data collection in order to characterize the cement sector
at the provincial and national levels. This work was undertaken by the China Cement
Association’s Technology Center (CCATC) and completed in June 2008. The main conclusions
of the Phase | effort were that even though China’s cement sector is undergoing rapid
modernization, inefficient and obsolete production technologies are still used and there are
energy-efficiency opportunities available even for the more modern NSP kiln cement plants.



Phase Il of the project involves more detailed analysis of the situation regarding both the
costs and benefits of the VSK plant closures and the untapped energy-efficiency
opportunities for the NSP kiln plants at the provincial level. The VSK plant closure analysis
will investigate the socio-economic, fiscal, and regulatory implications of implementing the
closure of inefficient cement production facilities and will recommend policy and regulatory
changes/initiatives to address the key issues arising from plant closures. The NSP kiln plant
analysis will evaluate selected representative cement plants in each province in order to
identify specific energy-efficiency technology options and evaluate their energy savings and
associated costs to improve the energy efficiency of cement production by these facilities.
The analysis includes an estimate of the provincial level energy-efficiency improvement
opportunity for NSP plants and analysis of the net energy savings of replacing VSK plants by
modern NSP plants in view of provincial plans for plant closure.

The Phase Il work also aims to develop provincial-level policy recommendations for the
cement sector based on broader analysis of sector issues, including the phasing out of
inefficient production capacities. The main objective of the proposed ASTAE project is to
form a sector assistance strategy for the World Bank to capture the large energy savings
achievable in the cement industry of China.

This report provides the results of the NSP kiln cement plant analysis for Shandong Province.
It begins with a brief introduction to the cement industry in China, followed by a
characterization of the cement industry in Shandong Province. Next, the methodology for
the study is presented including a description of the data collection efforts, the use of the
Benchmarking and Energy Saving Tool for the Chinese cement industry (BEST-Cement), and
the construction of energy-conservation supply curves for NSP kilns in Shandong Province.
The results of the BEST-Cement analysis are presented in the next section, followed by a
description of the energy-conservation supply curve analysis. The report concludes with
identification of key energy-efficiency technologies and measures that can be implemented
in NSP kiln cement plants in Shandong Province along with recommendations for capturing
the identified opportunities through policies, programs, and financing efforts.



Il. Overview of Cement Industry in China and Shandong Province
A. Cement Industry in China

China produces nearly half of the world’s cement using myriad types of cement kilns of
diverse vintages and levels of technological advancement. In 2008, China produced 1,388
million metric tons (Mt) of cement (Shandong ETC and CBMA, 2009), far surpassing the next
two largest producers: India (175 Mt) and the U.S. (89 Mt) (USGS, 2009). In China, there are
basically two types of cement kilns used for the production of clinker, the key ingredient in
cement: vertical shaft kilns (VSKs) and rotary kilns (see Figures 2 and 3).

Figure 3. Rotary Kilns in Shandong Province

VSKs are basically a large drum set vertically with a packed mixture of raw material and fuel
traveling down through it using gravity. A rotary kiln consists of a longer and wider drum
oriented horizontally and at a slight incline on bearings, with raw material entering at the
higher end and traveling as the kiln rotates towards the lower end, where fuel is blown into
the kiln.



Since the 1970s, intensive domestic VSK technology research and development in China
improved the kilns considerably. VSKs are much smaller, simpler and can be constructed
much more rapidly than rotary kilns, making them attractive given the system of distributed
production that arose in China due to lack of sufficient infrastructure as well as political,
economic, and other factors. Simultaneous evolution of VSK technology with the more
complex dry process rotary kilns resulted in a diverse mix of pyro-processing technologies in
China's cement industry (Galitsky and Price, 2007).

There are three basic types of VSKs: ordinary, mechanized, and improved. In ordinary VSKs,
high-ash anthracite coal and raw materials are layered in the kiln, consuming high amounts
of energy while producing cement of inferior quality and severe environmental pollution.
Mechanized VSKs use a manually operated feed chute to deliver mixed raw materials and
fuel to the top of the kiln. Improved VSKs been upgraded and produce higher quality cement
with lower environmental impacts (Sinton, 1996; ITIBMIC, 2004).

Rotary kilns can be either wet or dry process kilns. Wet process rotary kilns are more
energy-intensive. Energy-efficient dry process rotary kilns can be equipped with grate or
suspension pre-heaters to heat the raw materials using kiln exhaust gases prior to their
entry into the kiln. In addition, the most efficient dry process rotary kilns use pre-calciners
to calcine the raw materials after they have passed through the pre-heater but before they
enter the rotary kiln (WBCSD, 2004). Construction of these modern NSP kilns has been
growing rapidly in China since about 2000. Large and medium sized NSP kilns produced 56
Mt (10%) of cement in China in 2000, increasing to 623 Mt (50%) by 2006 (ITIBMIC, 2004;
CCATC, 2008).

Globally, coal is the primary fuel burned in cement kilns, but petroleum coke, natural gas,
and oil can also be combusted in the kiln. Waste fuels, such as hazardous wastes from
painting operations, metal cleaning fluids, electronic industry solvents, as well as tires, are
often used as fuels in cement kilns as a replacement for more traditional fossil fuels. In
China, coal is used almost exclusively as the fuel for the cement kilns, while electricity — both
provided by the grid and through the generation of electricity on-site using waste heat — is
used to power the various grinding mills, conveyers, and other auxiliary equipment. In 2007,
Chinese cement kilns used 174 Mt of mostly raw coal and 119 terawatt-hours (TWh) of
electricity (CCA, 2009). There is very little use of alternative fuels (defined as waste
materials with heat value more than 4000kcal/kg for cement clinker burning) or co-
processing of waste materials (defined as the incineration of wastes for disposal purposes
even if the calorific value of the waste can be used as a fuel) in cement production in China
(Wang, L., 2008). Less than 20 cement facilities either burn alternative fuels or co-process
waste materials as demonstration or pilot projects, but Chinese laws and industrial policies
now encourage the use of alternative fuels and the National Development and Reform
Commission (NDRC) has begun efforts to develop a Cement Kiln Alternative Fuel Program
that will expand the demonstration projects, prepare regulations, develop a permitting-type
system, and establish financing mechanisms (Wang, S., 2008).

Once clinker has been produced in either a shaft or rotary kiln, it is inter-ground with
additives to form cement. Common Portland cement is comprised of 95% clinker and 5%
additives. “Blended cement” is the term applied to cement that made from clinker that has
been inter-ground with a larger share of one or more additives. These additives can include
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such materials as fly ash from electric power plants, blast furnace slag from iron-making
facilities, volcanic ash, and pozzolans. Blended cements may have a lower short-term
strength (measures after less than 7 days), but have a higher long-term strength, as well as
improved resistance to acids and sulfates. In 2007, 5.4% of the cement produced in China
was Pure Portland Cement, which is defined as either being comprised of 100% clinker and
gypsum or >95% clinker and gypsum with <5% of either granulated blast furnace slag (GGBS)
or limestone. Common Portland Cement, comprised of >80% and <95% of clinker and
gypsum combined with >5% and <20% of additives (GGBS, pozzolana, fly ash, or limestone),
made up 54% of the cement produced in China that year. Slag Portland Cement, that blends
anywhere from >20% to <70% GGBS with clinker and gypsum, constituted 36% of 2007
cement production. The remaining 5% of cement was Pozzolana (>20% to <40% pozzolan
additives), fly ash (>20% to <40% fly ash), or other blended cement (>20% to <50% other
additives) (Wang, 2009).

Given its large size, complexity, and global importance in terms of both energy consumption
and greenhouse gas (GHG) emissions, the cement sector in China is receiving increasing
attention among analysts, policy-makers, and others around the world. Early analyses of the
industry in the 1990s focused on improvements that could be made to VSKs as well as
scenarios exploring the energy savings possible with increased adoption of more modern
pre-calciner kilns (Liu et al., 1995) and developments related to mechanized VSKs which at
the time were less energy-intensive than both non-mechanized VSKs and the currently-used
rotary kilns (Sinton, 1996).

In 2002, the World Business Council on Sustainable Development (WBCSD) produced a
study of China’s cement industry covering the industry’s structure, production and
technology trends, energy use and emissions, and future opportunities (Soule et al., 2002).
At the time of this report, cement production in China was projected to grow relatively
slowly (2.8% per year during the 10" Five Year Plan to a total of 660 Mt in 2005, followed by
even slower growth of 2.5% per year during the 11" Five Year Plan) with relatively rapid
improvement in energy efficiency expected as older facilities were replaced with more
modern plants (Soule et al., 2002).

In 2004, the United Nations Industrial Development Organization (UNIDO) published a
report on the Chinese cement industry by the Institute of Technical Information for the
Building Materials Industry of China (ITIBMIC). This comprehensive report discussed the
cement industry’s present conditions and developments, the key policies and regulations,
the leading cement equipment manufacturers, the main design institutes, energy-saving and
emission-reducing technologies, and provided provincial-level reports for Zhejiang, Hubei,
and Shandong Provinces (ITIBMIC, 2004).

In 2006, researchers from Tsinghua University and the Center for Clean Air Policy (CCAP)
published an assessment of the GHG emissions and mitigation potential for China’s cement
industry which produced marginal abatement cost curves for 2010, 2015, and 2020 and
documented the costs and emissions reductions from the adoption of 12 mitigation options
under three scenarios (Tsinghua and CCAP, 2006). CCAP and Tsinghua University are
currently collaborating on a project to identify GHG mitigation options and policy
recommendations in China's electricity, cement, iron and steel, and aluminum industry



sectors. The cement sector work is focused on the identification of emissions mitigation
measures in Shandong Province, with a focus on the barriers and opportunities for further
implementation of waste heat recovery power generation (Ziwei Mao, 2009).

The China Cement Association (CCA) began publishing an annual review of statistics and
information regarding China’s cement industry in 2001. Recent versions of the China Cement
Almanac include numerous articles on energy consumption (“Cement industry energy
consumption status quo and energy saving potential”), CO, emissions (“On CO, emission
reduction of Chinese cement industry”), energy-efficiency technologies (“The opportunity is
mature for cement industry promoting power generation by pure low temperature remnant
heat”), restructuring (“Important moves to develop Chinese cement industry through
quality replacing quantity”), and other aspects of China’s cement industry (CCA, 2008; CCA,
2009). CCA staff members frequently publish articles and make presentations regarding the
current status of China’s cement industry (Zeng, 2004; Zeng, 2006; Zeng, 2008).

As part of the Asia Pacific Partnership on Clean Energy and Climate (APP), a team of
researchers from NDRC, CCA, the China Digital Cement Network, CBMA, and the
Productivity Center of Building Materials Industry surveyed 120 Chinese cement plants in
2006. The surveyed companies accounted for 11% of the total cement production in China
that year. The survey covered 187 NSP and 24 VSK kiln cement plants. The study found that
outdated processes still dominate the industry, labor productivity is low and there is a large
share of low quality products, energy consumption is high and the damage to the
environment and the resource base is serious, and cement manufacturing experiences
strong competition because of surplus capacity and overlapping markets (Liu et al., 2007).

Chinese researchers at the China Building Materials Academy (CBMA) and ITIBMIC also
contribute research results and information related to energy efficiency in the Chinese
cement industry. A 2007 article concluded that the keys to reaching the CCA’s energy-saving
target of a 25% improvement between 2005 and 2010 are adoption of energy-efficient
technology, energy management, and especially eliminating backward technology (Wang,
2007). CBMA has recently developed a number of codes and standards related to energy
efficiency for the Chinese cement industry, including standards on limitation of energy
consumption for unit cement product, cement plant design code for energy saving, energy
consumption auditing for cement production, and power measurement equipment for
cement manufacturing (Wang, 2009). Recent research has focused on the increased use of
alternative fuels in China (Wang, S., 2008) and development of alternative fuel co-
processing standards (Wang, 2009).

In 2008, the World Wide Fund for Nature (WWF) developed a Blueprint for a Climate-
Friendly Cement Industry for the Chinese cement industry. The report noted that “the
Chinese cement market is the largest single cement market on Earth and the output in a
single province is as large as those found for some main developing countries.” The report’s
pathway to a low carbon cement industry includes the following: 1) use cement more
efficiently, 2) further expand the use of additives and substitutes to produce blended
cements, 3) improve the thermal efficiency of kilns, 4) improve the electrical efficiency of
plants, 5) increase the share of biomass in the fuel mix, and 6) develop carbon capture and
storage to sequester a high share of CO, emissions by 2050 (Mdller and Harnish, 2008).



B. Cement Production in Shandong Province

Shandong Province is the largest cement-producing Province in China, producing 10% of
China’s total cement output in 2007 (CCA, 2009). Table 2 provides information on cement
and clinker production levels in Shandong Province from 2000 to 2008. The average annual
growth rate (AAGR) of cement production in Shandong Province between 2000 and 2008
was 10%. This growth was dominated by the increase in rotary kiln production, which was
mostly due to the increased share of NSP kilns. Production from rotary kilns increased at an
average of 36% per year since 2000, growing from 11% of total cement production in 2000
to 58% in 2008. Clinker production in Shandong Province in 2008 was 88 Mt; thus, the
provincial level clinker-to-cement ratio was 0.63 that year.

Table 2. Cement and Clinker Production in Shandong Province, 2000-2007

Cement Production (Mt) 66 69 | 82.5 | 93 124 | 142 | 167 | 149 139 10%
Vertical Shaft kilns (Mt) 59 63 74 78 93 97 104 77 58 0%
Rotary (NSP + other) kilns 7 6 8.5 15 31 45 63 72 81 36%
(Mt)
Clinker Production (Mt) 108 96 88
Clinker-Cement Ratio 0.65 | 0.64 | 0.63

Sources: Shandong ETC and CBMA, 2009; CCA, 2009; Liao, 2007; Liao, 2008a; Wang, F., 2008; Diao, 2009. Note:
expert judgment used when conflicting values were presented by different sources.

Shandong Province is also a large cement-exporting Province. Table 3 shows that over 20%
of the clinker and cement exported from China in 2007 was produced in Shandong Province
(CCA, 2008; CCA, 2009).

Table 3. China and Shandong Province Exports of Cement and Clinker

2001 6.11 0.10
2002 5.09 0.09
2003 4.95 0.38
2004 6.02 1.03
2005 11.37 5.07 10.78 3.08
2006 19.41 6.23 16.72 4.85
2007 15.19 4.74 17.81 5.90

Source: CCA, 2008; CCA, 2009.

Cement enterprises in Shandong Province are found in 17 prefecture-level cities, with the
highest concentration in Zaozhuang, Zibo, Jinan, Yantan, Tai’an, Linyi, and Weifang. Over a
guarter of the cement capacity in Shandong Province is in Zaozhuang (Shandong ETC and
CBMA, 2009).

During the 10™ Five-Year Plan (2000-2005), construction of modern cement plants using
new suspension preheater/precalciner (NSP) technology was promoted and there was a



goal of reaching 40% of cement production capacity from NSP kilns by the end of the FYP. In
2000, 310 outdated small cement production lines were either banned or closed in
Shandong Province, eliminating 8.6 Mt of capacity using backward cement production
technologies (Shandong ETC and CBMA, 2009).

In 2006, there were 980 VSK production lines and 61 rotary kiln production lines in operation
in Shandong Province (CCATC, 2008). Of the 61 rotary kilns production lines, 52 had NSP kilns.
These kilns produced 43 Mt of clinker and 61 Mt of cement. Table 4 provides a breakdown of
the types of cement plants and their clinker and cement production in 2006 (CCATC, 2008).

Table 4. Breakdown of 2006 Clinker and Cement Production by Kiln Type in Shandong Province

Vertical Shaft Kiln — Mechanical 979 68.6 0.66 104
Vertical Shaft Kiln — Improved 1 0.14 0.88 0.2
Rotary Kiln — Shaft Pre-heater 1 0.07 0.65 0.1
Rotary Kiln — Cyclone Pre-heater 1 0.30 0.67 0.4
Rotary Kiln — NSP 52 42.9 0.70 61.3
Rotary Kiln — Wet 7 0.88 0.75 1.2
Exported Clinker -- 4.85 - -
Total 1,041 108 0.65 167

Source: CCATC, 2008 (with LBNL analysis).

C. Energy Consumption of Shandong Province Cement Industry

Cement production in Shandong Province consumed 15.72 million tons of coal equivalent
(Mtce) in 2006 (CCA, 2008). Table 5 provides information on the energy use of the various
types of cement kilns found in Shandong Province in 2006 based on the detailed survey
undertaken by the China Cement Association Technology Center (CCCATC, 2008).

From this table, it is clear that VSK cement plants are more energy-intensive than NSP kiln
cement plants. Roughly 90% of the final energy and 70% of the primary energy consumed in
cement manufacturing is fuel combusted in the kiln, with the remainder used to power
motors, conveyers, and other equipment with electricity. In Shandong Province, the average
fuel intensity for mechanical VSKs was 148 kilograms of coal equivalent/ton (kgce/t) clinker,!
compared to a range of 101-103 kgce/t clinker for NSP kilns of 2000 tons per day (tpd)
capacity or larger in 2006. Electricity intensities for the two types of kilns are similar: 96
kilowatt-hours/t (kWh/t) cement for mechanical VSKs and 94-111 kWh/t cement for NSP
kilns. Thus, manufacturing a ton of clinker using an NSP kiln of more than 2000 tpd capacity
will save about 45 kgce/t clinker compared to manufacturing the same ton of clinker using a
VSK. If all of the cement produced in Shandong Province by VSKs in 2006 had instead been
produced by NSP kiln cement plants of at least 2000 tpd capacity, the fuel savings would
have been 3.07 Mtce, a reduction of 22% below the actual fuel used that year.

! Recent survey data for four VSKs in Shandong Province showed a range from 115 to 171 kgce/t clinker (Jai,
2009).



Table 5. Energy Consumption by Kiln Type in Shandong Province, 2006.

Vertical Shaft Kiln — Mechanical 148 96 10.15 9.98 11.38 14.18
Vertical Shaft Kiln — Improved 112 75 0.02 0.01 0.02 0.02
Rotary Kiln — Shaft Pre-heater 149 121 0.01 0.01 0.01 0.02
Rotary Kiln — Cyclone Pre-heater 141 119 0.04 0.05 0.05 0.06
Rotary Kiln — NSP < 2000 tpd w/o WHR 114 111 0.55 0.75 0.64 0.85
Rotary Kiln — NSP 2000-4000 tpd w/o WHR 103 96 1.81 2.42 2.11 2.79
Rotary Kiln — NSP 4000-6000 tpd w/o WHR 102 95 1.22 1.63 1.42 1.88
Rotary Kiln — NSP > 6000 tpd w/o WHR 101 94 0.17 0.23 0.20 0.27
Rotary Kiln — NSP 2000-4000 tpd w/WHR 103 97 0.43 0.57 0.50 0.66
Rotary Kiln — NSP 4000-6000 tpd w/WHR 103 97 0.27 0.37 0.32 0.42
Rotary Kiln — Wet 195 114 0.17 0.13 0.19 0.23
Total 14.84 16.16 16.83 | 21.37

Source: CCATC, 2008.

Notes: tpd = tons per day; WHR = Waste Heat Recovery (for power generation); Electricity converted to final
energy using a conversion factor of 0.0001229 kWh/ton coal equivalent (tce); electricity converted to primary
energy using a conversion factor of 0.000404 kWh/tce.



lll. Methodology

A. Data Collection

Phase | of this project focused on data collection in order to characterize the cement sector
at the provincial and national levels. This work was undertaken by the China Cement
Association’s Technology Center (CCATC) and completed in June 2008. The results of CCATC's
data collection for Shandong Province are used in this report to provide an overview of the
cement industry in Shandong Province in 2006 (CCATC, 2008).

Phase Il of this project focuses on characterizing the energy use and energy-efficiency
potential of 16 NSP cement plants in Shandong Province. Detailed data collection forms
were developed and used to collect information on cement production and energy use from
the 16 surveyed cement plants. These forms requested specific information on the number
of production lines at the plant, their age, their clinker and cement-making capacity, their
actual clinker and cement production levels in 2007 and 2008, energy used at the facility for
clinker and cement production, raw materials and additives used, costs of materials and
energy, technologies implemented, recent energy-efficiency upgrades, and current energy-
efficiency upgrade plans. In addition, the forms requested information on whether the
facilities had adopted any of 32 energy-efficiency measures and, if the measure had not been
adopted, the reason. A copy of the detailed data collection form is provided in Appendix A.

The Phase Il project team is comprised of Lynn Price, Zhou Nan, and Lu Hongyou of
Lawrence Berkeley National Laboratory (LBNL), Wang Lan of the China Building Materials
Academy (CBMA), Diao Lizhang of the Shandong Energy Conservation Association, and Ali
Hasanbeigi, a consultant to the World Bank.? Most members of the Phase II project team
conducted on-site surveys of two cement plants on March 13, 2009. Wang Lan and Diao
Lizhang conducted surveys of the remaining cement plants during the week of March 16,
2009. The responses to the data collection surveys were then reviewed by the Phase I
project team members and additional clarifying questions were compiled due to missing or
unclear responses from some of the cement plants. Wang Lan and Diao Lizhang returned to
the cement plants during the end of May, 2009 to finalize the data collection. In addition to
the detailed data collection for the 16 cement plants, the Shandong Energy Conservation
Association also provided summary data for an additional 19 NSP cement plants.

There were some issues and difficulties regarding the data collection. In some cases, the
plants did not have or did not provide answers to all of the questions on the survey. Some
data was provided in different units or formats from that requested in the survey. In the
portion of the survey in which the plants were requested to indicate whether they had
implemented the list of energy-efficiency technologies and measures, some plants either did
not understand the question or were unfamiliar with the energy-efficiency measure. Even
though clarifying questions were asked of the cement plants, there were still situations
where assumptions had to be made regarding data (average values per unit of production
for the other plants were then used) or implementation of measures. The Chinese cement
experts were consulted regarding these assumptions and were helpful in resolving them in a
manner in which it is expected that they do not significantly impact the results or the
reliability of the overall assessment.

2 Al Hasanbeigi was hired by LBNL as a Post Doctoral Fellow in August 2009.
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B. Conversion Factors and Assumptions

To convert electricity to primary energy, the conversion factor of 3.11 is used that is
equivalent to China’s national average efficiency of thermal power generation of 32.15% in
2008, including transmission and distribution losses® (NBS, 2008; Anhua and Xingshu, 2006;
Kahrl and Roland-Holst, 2006). Low Heating Value (LHV) of the fuel is used in the analysis.
However, since the heating value of different kinds of coal varies, it was not proper to use
the IPCC factors. Thus, the average of the heating values given specifically by each plant for
the coal they consumed in 2008 was used.

Costs are reported in Chinese Renminbi (RMB) and U.S. dollars. To convert the costs from
USS to RMB, the conversion factor of 6.84 RMB/USS is used (BOC 2009). Energy savings are
expressed in Standard International units (SI) and coal equivalents, which are energy units
commonly used in China.

Carbon dioxide (CO,) emissions are expressed in kilotonnes of CO,. The carbon conversion
factors used for calculating CO, emissions from energy consumption are taken from the 2006
Intergovernmental Panel on Climate Change Guidelines for National Greenhouse Gas
Inventories (IPCC 2006). The emission factor for grid electricity is assumed to be 1.028 kg
CO,/kWh which is the Combined Margin factor based on Project Design Documents (PDDs)
of a Clean Development Mechanism (CDM) project implemented in a cement plant in the
Jinan city of Shandong Province in 2008 (UNFCCC, 2008).

The unit price of electricity and fuels used in each cement plant is provided in the plant
survey responses. The average unit price of electricity paid by the studied cement plants in
2008 is used as the electricity price in electricity conservation supply curve. For fuels
however, since the small amount of diesel used in some of the plants is negligible compared
to coal consumption, the diesel price was not taken into account. Thus, the average unit
price of coal consumed in studied cement plants in 2008 is used as the fuel price in the fuel
conservation supply curve.

An important issue is the grid emission factor in the future. Whether electricity is more or
less carbon intensive will affect the CO, emission reduction potential in the future. Similarly,
the future fuel mix used in the cement industry and its emission factor will also affect the
CO, emission reduction potential in the future.

3 China’s national average efficiency of thermal power plants: 34.78% (NBS, 2008), and China’s electricity
transmission and distribution losses: 7.55% (Anhua and Xingshu, 2006; Kahrl and Roland-Holst, 2006).
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C. Benchmarking and Energy-Saving Tool for Cement (BEST-Cement) for China*

Benchmarking

Benchmarking is a commonly-used term that generally means comparing a defined
characteristic of one facility to other facilities or other “benchmarks”. In the context of this
study, benchmarking focuses on energy consumption in a cement plant. Instead of
comparing the level of energy consumption in the cement plant to other cement plants
which might have different configurations, use different raw materials, and produce different
types of cement, this study compares a cement facility to an identical hypothetical cement
facility that uses commercially-available “best practice” technologies for each major
manufacturing process.

BEST-Cement for China

The Benchmarking and Energy Savings Tool (BEST) Cement is a process-based tool based on
commercially available energy-efficiency technologies used anywhere in the world
applicable to the cement industry. This version has been designed for use in China (see
Figure 4) and benchmarks cement facilities to both Chinese and international best practice.5
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Figure 4. Benchmarking and Energy-Saving Tool (BEST) for China’s Cement Industry.

4 Excerpted from LBNL and ERI, 2008.
> BEST-Cement for China can be downloaded from: http://china.lbl.gov/best-cement-china

12



No actual cement facility with every single efficiency measure included in the benchmark
will likely exist; however, the benchmark sets a reasonable standard by which to compare for
plants striving to be the best. The energy consumption of the benchmark facility differs due
to differences in processing at a given cement facility. The tool accounts for most of these
variables and allows the user to adapt the model to operational variables specific for the
cement facility. Figure 5 illustrates the boundaries included in a plant modeled by BEST-
Cement.
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Figure 5. Boundary Conditions for BEST Cement

In order to model the benchmark, i.e., the most energy-efficient cement facility, so that it
represents a facility similar to the cement facility to be benchmarked, input production
variables are entered in the input sheet. These variables allow the tool to estimate a
benchmark facility that is similar to the user’s cement plant, giving a better picture of the
potential for that particular facility, rather than benchmarking against a generic one.

The input variables required include the following:

e the amount of raw materials used in tonnes per year (limestone, gypsum, clay
minerals, iron ore, blast furnace slag, fly ash, slag from other industries, natural
pozzolans, limestone powder (used post-clinker stage), municipal wastes and others);
the amount of raw materials that are pre-blended (pre-homogenized and
proportioned) and crushed (in tonnes per year);

e the amount of additives that are dried and ground (in tonnes per year);

e the production of clinker (in tonnes per year) from each kiln by kiln type;

e the amount of raw materials, coal and clinker that is ground by mill type (in tonnes
per year);

e the amount of production of cement by type and grade (in tonnes per year);

o the electricity generated onsite; and,

e the energy used by fuel type; and, the amount in Chinese Renminbi (RMB) per year
spent on energy.
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The tool offers the user the opportunity to do a quick assessment or a more detailed
assessment — this choice will determine the level of detail of the energy input. The detailed
assessment will require energy data for each stage of production while the quick assessment
will require only total energy used at the entire facility. The benchmarking tool provides two
benchmarks — one for Chinese best practices and one for international best practices.

Energy use at a cement facility is modeled based on the following main process steps:
1. Raw material conveying and quarrying (if applicable)
2. Raw material preparation:
a. pre-blending (pre-homogenization and proportioning)
b. crushing
c. grinding
Additive preparation
Additive drying
Fuel preparation
Homogenization
Kiln systems
a. pre-heater (if applicable)
b. pre-calciners (if applicable)
c. kiln
d. clinker cooler
8. Final grinding

NousWw

All energy used for each process step, including motors, fans, pumps and other equipment
should be included in the energy use entered for each step.

In addition, the model separately calculates energy requirements for other conveying and
auxiliaries and for additional non-production uses, such as lighting, office equipment and
other miscellaneous electricity uses. Any energy not accounted for elsewhere but included in
the boundary in Figure 5 should be included here in this input variable.

Because clinker making accounts for about 90% of the final energy consumed in the cement
making process, reducing the ratio of clinker to final cement by mixing clinker with additives
can greatly reduce the energy used for manufacture of cement. Best practice values for
additive use are based on the following European ENV 197-2 standards: for composite
Portland cements (CEM 1), up to 35% can be fly ash and 65% clinker; for blast furnace slag
cements (CEM IlI/A), up to 65% can be blast furnace slag and 35% clinker.

To determine Chinese (domestic) best practice values, four modern Chinese cement plants
were audited and best practices determined at each plant by the Energy Research Institute
(ERI) and the China Cement Association. Two of these plants were 2000 tonnes per day (tpd)
and two were 4000 tpd. Chinese best practices for each stage of production were
determined from these plants. Where no data was available (for example, non-production
energy use), international best practices were used. For the international best practices at
each stage of production, data were gathered from public literature sources, plants, and
vendors of equipment. These data and calculations are described in Appendix B.
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BEST-Cement compares a facility to international or domestic best practice using an energy
intensity index (Ell) which is calculated based on the facility’s energy intensity and the
benchmark energy intensity. The Ell is a measurement of the total production energy
intensity of a cement facility compared to the benchmark energy intensity as in the following
equation:

n
2 R*El
Ell =100* n'=l— =100* — B (Equation 1)
ZPi*EIi,BP ZR*EILBP
i=1 i=1
where
Ell = energy intensity index
n = number of products to be aggregated
El; = actual energy intensity for product i
Elige = best practice energy intensity for product i
P; = production quantity for product i.
Eiot = total actual energy consumption for all products

The Ell is then used to calculate the energy efficiency potential at the facility by comparing
the actual cement plant's intensity to the intensity that would result if the plant used
"reference" best technology for each process step. If a detailed assessment was performed,
the difference between the actual intensity (the energy used at the facility per tonne of
cement produced), and that of the reference or benchmark facility is calculated for each of
the key process steps of the facility and then aggregated for the entire cement plant. If the
quick assessment was executed, only total aggregated energy intensities are compared.

The Ell provides an indication of how the actual total production intensity of the facility
compares to the benchmark or reference intensity. By definition (see equation 1), a plant
that uses the benchmark or reference technology will have an Ell of 100. In practice, actual
cement plants will have an Ell greater than 100. The gap between actual energy intensity at
each process step and the reference level energy consumption can be viewed as the
technical energy efficiency potential of the plant. Results are provided in terms of primary
energy (electricity includes transmission and generation losses in addition to the heat
conversion factor) or final energy (electricity includes only the heat conversion factor).

BEST-Cement also provides an estimate of the potential for annual energy savings (both for
electricity and fuel) and energy costs savings, if the facility would perform at the same
performance level as the benchmark or “reference” cement plant.

All intensities are given as comprehensive intensities. Comprehensive electricity intensity is
equal to the total electricity consumed per tonne of cement produced. It only includes
adjustments based on the raw materials used and the types of cement produced. It does not
include other factors such as altitude adjustments or temperature or climatic adjustments.
Similarly, comprehensive fuel intensity is equal to the total fuel consumed per tonne of
clinker produced, based on the raw materials input. It does not include other factors such as
altitude adjustments or temperature or climatic adjustments.

15



Once the Ell has been calculated, BEST-Cement can be used to preliminarily evaluate the
potential for energy efficiency improvement, by going through a menu of opportunities. The
menu of energy efficiency measures is split into six sheets, according to process steps, as
follows:

Raw materials preparation
Fuels preparation

Kiln

Cement grinding

Product and feedstock changes
Utility systems

ounkwNneE

A list of energy-efficiency measures is given for the major process steps. For each measure, a
description of the measure is provided (by double clicking on the cell with the name of the
measure). Also provided is typical energy savings, capital costs and payback periods for that
measure. The user determines whether to implement the measure as well as the level of
implementation for each measure by selecting from the three options in the drop down
menu: yes, completely; yes, partially; or no. If yes, partially is selected, the percentage of
application must be entered in the next column.

The estimates for energy savings and costs are necessarily based on past experiences in the
cement and other industries; however, actual performance and very specific characteristics
for the user’s cement facility may go beyond the capabilities of BEST and change the results.
Hence, BEST-Cement gives an estimate of actual results for a preliminary evaluation of cost
effective projects for the user’s cement plant; for a more detailed and exact assessment, a
specialized engineer or contractor should be consulted.

The Self Assessment Results provide information on the facility’s actual energy use, the
projected energy use with the selected measures implemented, and the international and
domestic best practice energy use. In addition the results provide the actual Ell and the Ell
after all the selected energy-efficiency measures are implemented. Both international and
domestic Ell’s are provided and results are provided in either primary energy (electricity
includes transmission and generation losses in addition to the heat conversion factor) or
final energy (electricity includes only the heat conversion factor). Results also include the
energy savings potential and the savings for the selected measures (kgce/year), the cost
reduction potential and savings for the selected measures (RMB/year), and the emissions
reductions potential and savings for the selected measures (tonne CO,/year). Emissions
reductions are based on final energy.
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D. Energy-Conservation Supply Curves

The concept of a “Conservation Supply Curve” was used to make a bottom-up model in
order to capture the cost effective as well as the technical potential for energy efficiency
improvement and CO, emission reduction in the representative cement plants in Shandong
Province. The Conservation Supply Curve (CSC) is an analytical tool that captures both the
engineering and the economic perspectives of energy conservation. The curve shows the
energy conservation potential as a function of the marginal Cost of Conserved Energy. It was
first introduced by Rosenfeld and his colleagues at the Lawrence Berkeley National
Laboratory (Meier 1982). Later CSCs were used in various studies to capture energy
efficiency potentials in different economic sectors and industries (Hasanbeigi, 2009a;
Koomey et al., 1990; Levine and Meier, 1999; Lutsey, 2008; Martin et al., 1999; Worrell, 1994;
Worrell, et al.,, 2001). Recently, McKinsey & Company (2008) has also developed GHG
abatement cost curves for different countries using the concept of the conservation supply
curve. The Conservation Supply Curve can be developed for a plant, a group of plants, an
industry, or for the whole economic sector.

The work presented in this report is a unique study for Shandong Province in China, as it
provides a detailed analysis of energy-efficiency improvement opportunities in the
representative cement plants in the Province. In addition, compared with other studies, the
potential application of a larger number of energy efficiency technologies is assessed.

The Cost of Conserved Energy (CCE) required for constructing the CSC can be calculated as
shown in Equation 2:

CCE = (annualized capital cost + annual change in operations & maintenance costs)
annual energy savings (Equation 2)

The annualized capital cost can be calculated from Equation 3.
Annualized capital cost = Capital Cost*(d/ (1-(1+d)™) (Equation 3)

Where:
d = discount rate
n = lifetime of the energy efficiency measure

After calculating the CCE for all energy-efficiency measures separately, the measures were
ranked in ascending order of their CCE to construct the Energy CSC. In an Energy CSC, an
energy price line is determined that reflects the current cost of energy. All measures that fall
below the energy price line are so-called “cost-effective”. Furthermore, the CSC can show us
the total technical potential for electricity or fuel saving which is the accumulated saving
from all the applicable measures. On the curve, the width of each measure (plotted on the x-
axis) represents the annual energy saved by that measure. The height (plotted on the y-axis)
shows the measure’s CCE.
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Discount Rate

In this study, a real discount rate equal to 30% is used for the base case analysis to reflect the
barriers to energy-efficiency investment in China’s cement industry. These barriers include
perceived risk, lack of information, management concerns about production and other
issues, capital constraints, opportunity cost, and preference for short payback periods and
high internal rates of return (Bernstein, et al. 2007 and Worrell, et al. 2000). Other industrial
sector analyses use varying real discount rates. Garcia et al. (2007) used three discount rates
of 12%, 15%, and 22% in three different investment scenarios for high efficiency motors in
Brazil. Carlos (2006) used the range of 10% to 16% discount rate in the financial analysis for
cogeneration projects in Thailand. Banerjee (2005) argues that the discount rates used for
investment in power generation plants in India are 10-12%, which are usually significantly
lower than the discount rates used by industry (20-30%), commercial (30% and more) and
residential (50% or more) sectors for energy efficiency investment (Banerjee, 2005).

These examples show that the discount rate of 30% is relatively high for the financial
calculation of the energy projects in the Shandong’s cement industry. However, in this study,
this high discount rate is used for calculating cost of conserved energy and constructing CSCs
to provide a means for accounting for the aforementioned barriers to energy-efficiency
improvement, in order to avoid the overestimation of cost-effective energy-saving potential.
Nonetheless, it should be noted that the choice of the discount rate also depends on the
purpose of the analysis and the approach (prescriptive versus descriptive) used. A
prescriptive approach uses lower discount rates (4% to 8%), especially for long-term issues
like climate change or public sector projects (Worrell et al., 2004). Low discount rates have
the advantage of treating future generations equally to current generations, but they also
may cause relatively certain, near-term effects to be ignored in favor of more uncertain,
long-term effects. A descriptive approach, however, uses relatively high discount rates
between 10% and 30% in order to reflect the existence of barriers to energy-efficiency
investments (Worrell et al., 2004).

Methodology for Constructing the Energy Conservation Supply Curve

This part of the analysis of Shandong’s cement industry draws upon the work done by LBNL
regarding the assessment of energy efficiency and CO, emission reduction potentials in the
U.S. cement industry (Worrell et al., 2000; Martin et al., 1999; Worrell et al., 2008; LBNL &
ERI, 2008). Many of the energy-efficiency technologies from LBNL's publications and reports
are used in this analysis because although there are many other studies on energy efficiency
in the cement industry, there are not many publications available which contain data about
energy saving, CO, emission reductions, and the cost of different technologies. Nevertheless,
it should be noted that some information about some of the technologies is also presented
in other studies. Furthermore, the methodology used for this analysis, i.e. construction of
the energy conservation supply curve for Shandong’s cement industry, is also used by LBNL
for the U.S. cement industry (Worrell et al.,, 2000; Martin et al., 1999). In addition,
information on a substantial number of energy-efficiency technologies for the cement
industry was derived from Project Design Documents (PDDs) of Clean Development
Mechanism (CDM) projects which are available at United Nations Framework Convention on
Climate Change’s website (UNFCCC, 2005; UNFCCC, 2007 a,b,c,d,e,f,g,h).

The methodology used for the analysis consists of four main steps as follows:
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1. Establish the year 2008 as the base year for energy, material use, and production in the
representative cement plants in Shandong’s cement industry.

2. Develop list of 34 energy-efficiency technologies and measures commercially available to
improve energy efficiency in the cement industry to use in this study for construction of
the conservation supply curves.

3. Determine the potential application of energy-efficiency technologies and measures in
the representative cement plants in Shandong’s cement industry based on information
collected from the cement plants.

4. Construct an Electricity Conservation Supply Curve (ECSC) and a Fuel Conservation
Supply Curve (FCSC) separately in order to capture the cost-effective and total technical
potential for electricity and fuel efficiency improvement in the studied cement plants at
the province level. Calculate the Cost of Conserved Electricity (CCE) and Cost of
Conserved Fuel (CCF) separately for respective technologies in order to construct the
CSCs. After calculating the CCE or CCF for all energy-efficiency measures, rank the
measures in ascending order of CCE or CCF to construct an Electricity Conservation
Supply Curve (ECSC) and a Fuel Conservation Supply Curve (FCSC), respectively. The
reason for constructing two separate curves for electricity and fuel is that the cost-
effectiveness of energy-efficiency measures highly depends on the price of energy. Since
average electricity prices and average fuel prices for Shandong’s cement industry in 2008
are different and because many technologies save either solely electricity or fuel, it is
more relevant and appropriate to separate electricity and fuel saving measures. Hence,
the Electricity Conservation Supply Curve (ECSC) with average electricity price for studied
cement plants in 2008 only plots technologies that save electrical energy. The Fuel
Conservation Supply Curve (FCSC) with average fuel price for the studied cement plants
in 2008 only plots technologies that save fuel. However, it should be noted that there are
a few technologies that either save both electricity and fuels, or increase electricity
consumption as a result of saving fuel. For those technologies, the fuel savings accounted
for a significant portion of the total primary energy savings, so they are included in the
Fuel Conservation Supply Curve (FCSC) taking into account their primary energy saving.

It should be highlighted that the CSC model developed is a good screening tool to present
energy-efficiency measures and capture the potentials for improvement. However, in reality,
the energy-saving potential and cost of each energy-efficiency measure and technology may
vary and will depend on various conditions such as raw material quality (e.g. moisture
content of raw materials and hardness of the limestone), the technology provider,
production capacity, size of the kiln, fineness of the final product and byproducts, time of
the analysis, etc. Recently, some Chinese companies have provided less expensive
technology; however, the specific energy savings of the Chinese technologies have not been
thoroughly investigated. Moreover, it should be noted that some energy-efficiency measures
provide productivity and environmental benefits in addition to energy savings, but it is
difficult and sometimes impossible to quantify those benefits. However, including quantified
estimates of other benefits could significantly reduce the CCE for the energy-efficiency
measures (Worrell et al., 2003; Lung et al., 2005).
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Sensitivity Analyses

Since several parameters play important roles in the analysis of energy-efficiency potentials
using the energy conservation supply curves, it is important to see how changes in those
parameters can influence the cost-effectiveness of the potentials. Hence, a sensitivity
analysis was conducted for four key parameters: discount rate, electricity and fuel prices,
investment cost of the measures, and energy saving of the measures.

In general, the cost of conserved energy is directly related to the discount rate. In the other
words, reduction of the discount rate will reduce the cost of conserved energy which may or
may not increase the cost-effective energy-saving potential, depending on the energy price.
A sensitivity analysis for discount rates was conducted using discount rates of 15, 20, 25, 30,
and 35% in order to compare the effect of the changing discount rate on the cost of
conserved energy and cost-effective energy savings.

Energy price can also directly influence the cost-effectiveness of energy saving potentials. A
higher energy price could result in more energy-efficiency measures being cost effective, as
it could cause the cost of conserved energy to fall below the energy price line in more cases
in the conservation supply curve. A sensitivity analysis for assessing the impact of changing
electricity and fuel prices was conducted by assuming 5, 10, 20, 30% increases in energy
prices along with one case with a 10% decrease in the energy prices.

Variations in the investment cost and energy savings amount of energy-efficiency measures
will change the results. A change in either the investment cost or the energy savings amount
will directly change the Cost of Conserved Energy (CCE) (Equation 2) and if the change in the
investment cost or/and the energy saving is large enough to change the position of the CCE
of any energy-efficiency measure against the energy price line in the conservation supply
curve (bring it below the line, while it was above the energy price line before the change or
vice versa), then it will change the cost-effective energy saving potential. Furthermore, the
change in the energy saving of any energy efficiency measure will change the total amount
of energy saving potential regardless of its cost-effectiveness.

A sensitivity analysis was conducted for changes in investment cost and energy savings
separately to assess the impact of such changes on the results of this study. Two cases (10%
and 20%) were assumed for the increase in investment cost or energy savings and two cases
(10% and 20%) were assumed for the decrease in those parameters. These changes of the
investment cost or energy saving were applied to each energy-efficiency measure to assess
the changes in the final result.
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E. Energy-Efficiency Technologies and Measures for Cement Industry

Thirty-four energy-efficiency technologies and measures were evaluated using both BEST-
Cement and CSCs to assess the potential for energy-efficiency improvement in cement plants
using NSP kilns in Shandong Province. Table 6 presents the typical fuel and electricity savings
(compared to typically installed, lower efficiency technologies or measures), capital costs,
and change in annual operations and maintenance (O&M) costs for each energy-efficiency
technology and measure. Appendix C provides a brief description of each of the 34 energy-
efficiency technologies or measures evaluated in this study (Worrell et al., 2008; UNFCCC,
20074, b, c, d). All of the energy-efficiency measures are applicable to NSP kilns.

For most of the energy-efficiency measures there was a range for energy savings reported in
the literature, whereas for costs the literature mostly reported specific capital costs of the
measures. Therefore, for measures where there was just one value for energy saving or cost,
that specific value was used. However, in cases where there was a range for energy saving,
middle value was used. The reason for this variation in the reported energy savings of the
measures is that the energy performance of different cement plants before the
implementation of the energy-efficiency measure varies. Therefore, the energy-saving
changes on a plant-by-plant basis and reported values are different. The average value is
used when there is a range reported in the literature. Thus, the assumed baseline for the
energy savings is based on the average energy savings of the measures reported in different
literature sources.

The 16 cement companies in this study provided information regarding whether or not they
had already applied these measures or had these technologies in their plants. Based on the
responses, the measures or technologies were applied to specific portions of the overall
production capacity of studied cement plants in each cement production step. The
calculated potential application of each energy-efficiency technology or measure is
presented in Table 6.

In order to make the results of the study more accurate and reliable and prevent the
overestimation of the energy-saving potential for the studied cement plants, the
considerations described below and the suggestions from cement industry experts were
taken into account in assessing the potential application of each energy-efficiency
technologies.

Measure 3: Installation of variable frequency drive (VFD) and replacement of the fan for
coal mill’s bag dust collector. Some plants in Shandong Province do not have this technology,
but answered that because they are using the coal mill at full capacity, they do not need to
use VFDs. Hence, the application and energy saving of this measure highly depends on the
plant-specific situation.

Measure 16: Low temperature waste heat recovery power generation. The source of data
on this measure is PDDs of CDM projects recently implemented in China. Cement plants in
China, India, and other countries are using the CDM for the implementation of this
technology. The revenue obtained through the CDM program from the selling of Certified
Emission Reductions (CERs) of this technology reduces the cost of conserved energy and
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payback period of the technology and makes it more attractive for cement companies.
However, some of the cement plants in Shandong Province noted that applying for CDM
project for implementation of this technology is complicated and difficult.

Measure 18: Upgrading the pre-heater from 5 stages to 6 stages. Some engineers in
cement plants in Shandong Province said that there is significant difficulty in constructing
and changing the structure of the pre-heater. The advantage of this measure is that cement
plants can recover more heat. However, the disadvantages of adding one stage to a pre-
heater are: 1 - Pressure loss in the pre-heater and as a result increased electricity
consumption in the fan, 2 - If there is waste heat recovery power generation installed on the
kiln, then the waste heat is needed for power generation, thus, it is better not to put an
extra stage on the pre-heater. Most of the surveyed cement plants have waste heat recovery
power generation and the ones which do not have it are planning to install it in the near
future. Thus, in this study, measure 18 was not applicable to any of the surveyed plants.

Measure 25: Replacing a ball mill with vertical roller mill. This measure is applied to ball
mills older than 10 years old. Measure 26: high pressure roller press as pre-grinding to ball
mill, is applied to ball mills younger than 10 years old. The reason for these assumptions are
used for the calculation of the potential application of measures 25 and 26 is that if ball mills
are younger than 10 years old, it is more unlikely that a cement plant will completely replace
its ball mill by a more efficient vertical roller mill. Instead, cement plants may prefer to just
add a high pressure roller press as pre-grinding to the ball mill to increase the energy
efficiency instead of completely replacing the ball mill. However, if the ball mill is already
older than 10 years old, it is assumed that the cement plant would be willing to completely
replaces its ball mill with vertical roller mill.

Measure 31: High Efficiency Motors. Motors are used throughout the cement production
process. Measure 31 is a general measure covering motors in the cement plant overall. It is
based on a study in U.S. for the wide-scale installation of high efficiency motors in a cement
plant. The energy savings of this measure varies significantly on a plant-by-plant basis,
ranging from 0 — 6 kWh/ton cement (Worrell, et al. 2008). In addition to this measure, there
are a few individual measures related to the use of high efficiency motors in specific
applications in the cement production process. Both the specific applications and the
general measure for high efficiency motors are included since there are around 500 — 700
electric motors with different sizes in typical cement plant (Worrell et al., 2008). However, in
order to not double-count or over-estimate the savings from measure 31, a median savings
value of 3 kWh/ton cement for electricity savings is used.

Measure 32: Variable Frequency Drives (VFDs, also called adjustable speed drives, ASDs).
The situation for VFDs is similar to that for high efficiency motors. The electricity savings for
wide-scale application of VFDs is in the range of 6 to 8 kWh/ton cement (Worrell et al., 2008).
Energy savings of 6 kWh/ton cement are assumed in this analysis to avoid overestimating
energy savings, since there are a few other measures for the application of VFDs in cement
plants shown in Table 6. It should be noted that energy savings of this measure strongly
depends on the application and flow pattern of the system on which the VFD is installed
(Martin et al., 1999).
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Measure 33: Production of blended cement. For calculating the potential application for
production of blended cement, a different approach was used compared to that of other
measures. This measure is defined as an increased production level of blended cement
based on the existing percentage of cementitious materials in the cement that the 11
cement-producing plants in the survey already produce (only 11 of the 16 surveyed plants
produce cement and the other 5 plants just produce clinker and do not produce cement).
The methodology for the calculation of the potential application is as follows. For each plant,
the percentage of blended cement (sum of fly ash cement, slag cement, pozzolana, and
blended cement produced by the plant, as reported in the questionnaire, divided by the
total cement produced in that plant) was calculated. Then, the average percentage of
blended cement of all 11 cement-producing plants was calculated. For six of the 11 cement-
producing plants the calculated percentage of blended cement was less than the average for
the 11 plants. Thus, the difference between the percentages of the blended cement in each
of those 6 plants from the average value of the 11 plants was calculated and converted to
the amount of cement by multiplying the calculated difference of the percentages by the
total amount of cement produced in the plant. This serves as the potential for the increase
of the production of blended cement in each plant. Finally, the total potential calculated for
the 6 plants was divided by the total cement produced in all 11 plants and this value serves
as the overall potential for increased use of blended cement in the studied plants. This is the
value used for the energy savings and cost of conserved energy.

Measure 34: Production of Limestone Portland cement. For this measure, if the company is
already producing this type of cement, then it is not applied. However, if they do not
produce this type of cement, it is assumed that 5% of the production of non-blended cement
(Pure Portland Cement plus Common Portland Cement) will be substituted with this type of
cement. None of the cement-producing plants in the study produce Limestone Portland
cement. Thus, this measure was applied to all 11 cement-producing plants. Cement experts
in China explain that this type of cement is not popular and its reliability is suspected by the
industry despite the fact that this type of cement is already produced in some other
countries (Worrell et al., 2008). The Chinese cement experts note that research work needs
to be conducted to support its application. Therefore, a small share of application (i.e. 5% of
the production of non-blended cement) is assumed for this measure in order to avoid the
overestimation of its energy-saving potential.

For both Measures 33 and 34, costs may vary by location and should be estimated based on
the plant-specific situation. Energy savings also depend on the efficiency of current facilities.
Furthermore, the increase in production of blended cements highly depends on the market
and its acceptance. Thus, the market should be targeted for promotion of blended cements.

Measure 30: Use of alternative fuels. None of the studied cement plants in Shandong
Province use alternative fuels. This is a key opportunity for China’s cement industry which
has not been tapped so far. Thus, based on the assessment in the studied plants, the
potential for use of alternative fuels is 100%. However, since the realization of 100%
alternative fuels use potential is rather unrealistic, 10% potential application is assumed for
this measure based on a recent assessment of the potential adoption of alternative fuels in
the cement industry in China that indicates a possible adoption of 10% alternative fuels by
2015 under the “Medium Development Scenario” (Wang, S., 2008).
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Table 6. Typical Fuel and Electricity Savings, Capital Costs, and Change in Annual Operations and Maintenance (O&M) Costs for 34 Selected
Energy-Efficiency Technologies and Measures

Fuel Preparation

1 | New efficient coal separator for fuel preparation 0.26 0.08 0.0
2 | Efficient roller mills for coal grinding 1.47 0.32 0.0
Installation of variable frequency drive & replacement of coal mill bag dust
3 | collector’s fan ; ! P : 0.16 0.18 0.0
Raw Materials Preparation
4 | Raw meal process control for Vertical mill 141 3.52 0.0
5 | High Efficiency classifiers/separators 5.08 23.54 0.0
6 | High Efficiency roller mill for raw materials grinding 10.17 58.85 0.0
7 | Efficient (mechanical) transport system for raw materials preparation 3.13 32.10 0.0
8 | Raw meal blending (homogenizing) systems 2.66 39.59 0.0
9 | Variable Frequency Drive in raw mill vent fan 0.33 0.17 0.0
10 | Bucket elevator for raw meal transport from raw mill to homogenizing silos 2.35 1.56 0.0
11 | High efficiency fan for raw mill vent fan with inverter 0.36 0.23 0.0
Clinker Making
12 | Kiln shell heat loss reduction (Improved refractories) 0.26 1.71 0.0
13 | Energy management and process control systems in clinker making 0.15 2.35 6.84 0.0
14 | Adjustable speed drive for kiln fan 6.10 1.57 0.0
15 | Optimize heat recovery/upgrade clinker cooler 0.11 -2.00° 1.37 0.0
9132 RMB
16 | Low temperature waste heat recovery power generation 3080 kWh—Capaci{cy >-58
17 | Efficient kiln drives 0.55 1.50 0.0
18 | Upgrading the preheater from 5 to 6 stages 0.11 -1.17° 17.37 0.0
19 | Upgrading of a preheater kiln to a preheater/precalciner Kiln 0.43 123.12 -7.52
20 | Low pressure drop cyclones for suspension preheater 2.60 20.52 0.0
21 | VFDin cooler fan of grate cooler 0.11 0.08 0.0
22 | Bucket elevators for kiln feed 1.24 2.41 0.0
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23 | Replacement of preheater fan with high efficiency fan 0.70 0.47 0.0
Finish Grinding

24 | Energy management & process control in grinding 4.00 3.21 0.00

25 | Replace ball mill with vertical roller mill 25.93 53.50 0.0

26 | High pressure roller press as pre-grinding to ball mill 24.41 53.50 0.0

27 | Improved grinding media for ball mills 6.10 7.49 0.0

28 | High-Efficiency classifiers for finish grinding 6.10 21.40 0.0

29 | Replacement of cement mill vent fan with high efficiency fan 0.13 0.06 0.0
General Measures

30 | Use of alternative fuels 0.60 7.52 0.0

31 | High efficiency motors 4.58 2.35 0.0

32 | Adjustable Speed Drives 9.15 9.63 0.0

. Fuel Savings EISZ?;;::V Capital Cost C:::\‘r;guz:n
Product Change (GJ/t (KWh/t (RMB/t O&M cost
L) cement) R (RMB/t cement)
33 | Blended cement (Additives: fly ash, pozzolans, and blast furnace slag) 1.77 -7.21° 4.92 -0.27
34 | Portland limestone cement 0.23 3.30 0.82 -0.04

®: The negative value for electricity saving indicates that although the application of this measures saves fuel, it will increase the electricity consumption.
However, it should be noted that the total primary energy savings of those measures is positive.
®. This CO, emission reduction is just for reduced energy use. However, since this type of cement contains less clinker, calcination-related emissions are lower
compared to normal Portland cement and as a result CO, emission caused by calcination will be less. Nevertheless, in the calculation of total CO, reduction,
the CO, reduction caused by reduced calcination is also taken into account according to the potential application of the measure.
“: Since the "Share of production to which the measure applied" for product change measures is based on the "Share from total Cement Production Capacity
in 2008", the calculations were made based on production of cement in contrast to the other measures for which the calculations were based on the clinker
production capacity.




IV. Results
A. Overview

Detailed data for 16 cement plants as well as general data for an additional 19 cement
plants were collected by the Phase Il project team during April and May, 2009. These 35
cement plants have 54 NSP clinker or cement production lines. Table 7 provides
information on these 54 production lines.

The oldest production line began operation in 1978 and is now over 30 years old. Figure
6 provides a histogram illustrating how many of the 54 production lines from the total
group of 35 cement plants began operation each year since 1978. Most of the NSP
production lines were built in the period 2004-2008.
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Figure 6. Distribution of Year Production Figure 7. Distribution of Year of Production
Began at 54 Production Lines in the Total Began at 27 Production Lines in the
Group of Cement Plants in Shandong Surveyed Sub-Set of 16 Cement Plants in
Province. Shandong Province.

There are 27 NSP production lines at the subset of 16 cement plants that were surveyed
in more detail. Figure 7 illustrates when these production lines began operation. In
addition to the one production line that started in 1978, three lines began operation in
the 1990s, and the remainder commenced operation in the 2000s. Excluding the one
out-lying line from 1978, the average and median age of the remaining 26 production
lines is about 5 years.

The clinker production capacity of the 54 cement production lines ranges from 1000 to
7200 tons/day (tpd), averaging about 3400 tpd. Among the 16 surveyed cement plants,
the clinker capacity ranges from 1000 to 6250 tpd, with the average value about 3500
tpd. Recently-built facilities are typically larger than older plants; excluding one out-lying
7200 tpd line constructed in 1997, kiln capacities generally ranged from 1000-3000 tpd
for plants constructed up to 2004, from 3000-4000 tpd for plants constructed in 2004
and 2005, from 4000-6000 tpd for plants constructed from 2006 to 2009.
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Table 7. Summary Information on Type of Grinding Mills, Waste Heat Recovery